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ABSTRACT 

Heat Transfer Processes In A 

Thermal Energy Storage System 

By 

Timothy E. Ebersole 

Experiments were performed to determine the 

characteristics of a typical cell in a thermal energy 

storage system using the solidification of a storage 

material to release the stored energy. The results of 

two test cells differing in width were compared. Obser¬ 

vations of the motion of the solid-liquid interface were 

used in a qualitative discussion of the effects of conductin 

side walls on the. thermodynamic processes within the test: 

cell. The nondimensionalized fluid temperature at the 

outlet of the test cell was found to be unaffected by the 

test cell’s inlet fluid temperature, being a function of 

the mass flow rate only. The wider test cell needed 

substantially more time than the narrower test cell to 

recover comparable fractions of the total stored energy. 
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Introduction 

As the costs of energy rise, along with fears 

of future shortages of oil, the need for some means of 

storing thermal energy becomes more pressing. Low 

temperature thermal energy storage is needed on a small 

scale, for example to provide energy for heating a single 

home or a group of homes in conjunction with a solar 

energy collector. High temperature thermal energy storage 

systems are needed for such concepts as the solar power 

tower. Many different systems have been proposed, such 

as chemical, sensible heat, latent heat, mechanical, and 

biological. This thesis addresses the problem of a thermal 

energy storage system using the latent heat of fusion of „■ 

a material. 

The thermodynamic processes involved in the 1 

solidification and melting of a substance are nonlinear 

because thermal gradients in the material are dependent 

on the motion of the interface. Therefore, analytic 

solutions are limited to simple geometries and boundary 

conditions. Thus, experimental work should play a 

large part in the investigation of phase change processes. 

However, most experiments reported in the literature are 

used to verify the numerical solution of a particular 

problem. Experiments performed with well defined thermal 

boundary conditions to generate data on the thermodynamic 

processes of melting and freezing are rare. 



The analysis of thermal energy storage systems 

incorporating a phase change medium is more involved 

than the analysis of a pure conduction process, since the 

solidification problem is coupled with the time varying 

fluid temperature as a boundary condition. The storage 

medium must also be treated as two-dimensional, greatly 

increasing the work necessary in a numerical solution. 

As yet there has been little consensus on a 

standard form for the presentation of results. The 

Stefan (or Jacob) and Biot numbers with some nondimen- 

sionalized temperatures are generally used for theoretical 

studies of phase change problems, although experimental, 

work is presented with no attempt at nondimensionalizing 

the results. This makes it difficult to compare analogous’-'' 

experimental and analytic work done by different 

investigators. 

Some nondimensionalization has been attempted 

for problems involving thermal energy storage systems. 

Schnurr, Salmon and Walker (25)^ developed some parameters 

based on a two-dimensional analysis of the storage medium. 

Schmidt and Szego (23) developed parameters for a sensible 

heat storage device which nevertheless may be useful in 

the design of systems using a phase change material. 

Griggs and Pitts (11) have also developed nondimensional 

1 
Numbers in parentheses refer to papers listed with the 

references. 



parameters for a latent heat storage device. 

This thesis presents the results of an ex¬ 

periment which attempted to determine the effects of 

conducting sidewalls on the solidification of a paraffin 

wax. The wax was in a rectangular box and was frozen 

from the bottom by a flow of water. This prevented 

an adverse temperature gradient from driving natural 

convection, which should enable the results to be 

compared with pure conduction models which neglect 

bouyancy effects. 

The data recorded was the temperature vari¬ 

ation with time of ten points in the wax and the outlet-, 

temperature of the fluid. The latter was converted to 

instantaneous and total heat flux at any particular 

time. A comparison of these quantities between the 

two test cells of differing width will provide an 

indication of how such data should be presented to aid 

in the design of thermal energy storage systems using 

the latent heat of a material. 
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Literature Survey 

Thermal Energy Storage Systems 

There are many types of thermal energy 

storage systems. Chemical devices use endothermic 

reactions of two or more reagents to store energy and 

the reverse exothermic reaction to recover that energy. 

One difficulty with this is in storing the products of 

the endothermic reaction, as most useful reactions involve 

very high pressures (5). 

Sensible heat thermal energy storage systems 

involve increasing the temperature of a substance and 

using its heat capacity to store energy. Most heme owhed 

solar collector systems use this type of storage with 

water or rocks as the storage medium. However, the storage 

of useful quantities of energy requires a large volume 

or relatively high temperatures. This means the storage 

system size must be substantial and it must be extremely 

well insulated, both of which add to the system's cost. 

Schmidt and Szego (23) presented an analysis 

of the transient response of a sensible heat thermal energy 

storage system composed of a number of rectangular cross 

sections, with one fluid pass. They used a finite 

difference scheme to solve the two region conduction 

problem. The outlet temperature of the fluid and the rate 

of heat storage are presented as functions of some non- 

dimensional parameters developed in the paper. These 



parameters are of some interest and may be useful in 

presenting results of solidification experiments. 

In another paper (24), Schmidt and Szego 

published similar results for a two fluid system. In 

this configuration, a cold fluid and a hot fluid pass 

on opposite sides of a storage material, as in a counter¬ 

flow heat exchanger. 

Mumma and Marvin (21) presented a simulation 

of a pebble bed storage system using air as the working 

fluid. They used a one-dimensional heat transfer model 

to derive difference equations for their program. 

Currently, the Duffie model (6) is used to simulate 

transient behavior of a pebble bed system. For comparable 

accuracy, the model of Mumma and Marvin required twenty - 

spatial divisions and ten minute time steps, while 

Duffle’s model needed two hundred spatial divisions and 

one minute time steps. However, no comparison with 

experiment is given. The results, presented in dimen¬ 

sional form, are the pebble bed spatial temperature 

profile with time as an independent parameter. 

Bundy, Herrick and Kosky (2) have published a 

document reviewing the basic parameters of thermal energy 

storage systems at temperatures below 300 degrees 

Fahrenheit, and at ’’medium to high” temperatures. They 

are basically concerned with sensible heat storage, but 

some comparisons are made with latent heat storage devices 

Materials with possible use in both types of storage 



systems are listed. 

Latent heat storage devices use the enthalpy 

difference of a substance as it changes phase to store 

and retrieve energy. Solid-liquid phase changes have 

received the most attention because liquid-gas phase 

changes involve large density changes and solid-solid 

changes in crystalline structure generally do not have 

a large enough enthalpy difference to justify their use. 

Schnurr, Salmon and Walker (25) presented an 

economic study of the feasibility of a latent heat 

thermal energy storage system. The solution was compared 

with an experiment with fair results. However, consider¬ 

ations of stability require the time step to be very 

small in order to have reasonable accuracy. The nondi- 

mensional parameters developed may be useful for compar¬ 

ing results of different experiments. 

Bailey, Liao, Guceri and Mulligan (1) have 

presented a study of a thermal energy storage system 

using paraffin hydrocarbons. The geometry used was 

rectangular. Analysis was accomplished using asymptotic 

expansion and Goodman^ techniques (10). The results 

will eventually be compared with an experiment. All 

results were presented dimensionally. Fluid outlet 

temperature versus time was presented with the following 

as independent parameters: latent heat of fusion, flow 

rate, fluid inlet temperature, and thermal conductivity 

of the storage material. 



Griggs, Pitts and Humphries (11) have published 

a model for the transient response of a single cell of 

typical latent heat storage system which allows for 

effects of the sidewalls as fins. All results are 

presented in nondimensional form, enabling application 

to geometrically similar problems. 

Lorsch, Kauffman and Denton (17) presented a 

study of various candidate materials for thermal energy 

storage systems. Criteria developed to aid in the 

selection of materials include the melting temperature, 

heat of fusion, congruency of melting point, prescence 

of supercooling, material stability at high temperatures, 

safety in regard to combustibility and toxicity, and 

economics. Designs using representative materials were 

compared. 

Altman, Yeh and Lorsch (18) completed a document 

for the National Science Foundation which studied the 

"conservation and better utilization of electric power 

by means of thermal energy storage and solar heating". 

Their project investigated the uses of solar energy for 

heating residential buildings, off-peak airconditioning 

systems, thermal energy storage materials, and the 

marketing and economic conditions required to sell these 

systems to commercial interests. Various candidate 

materials for latent heat storage were studied. Effects 

of continuous cycling plus the criteria listed in the 

previous paragraph were used in the selection of possible 



phase change materials. Various methods of bettering 

the performance of hydrated salts were discussed, for 

example by adding thickeners to decrease component 

separation. 

Telkes (28) has published numerous reports 

on solar energy and storage media. She has concentrated 

on heat of fusion systems using salt hydrates, exclud¬ 

ing metals because of cost and paraffin waxes because 

of their potential for being a fire hazard. 

Grodzka (12) presented an evaluation of phase 

change materials specifically for thermal control. He 

concluded that there is a need for materials with an 

increased thermal diffusivity. Adding filler material 

is a possible approach, although this could change 

freezing and melting behavior as well as decrease the' 

storage density of the material. 
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Theoretical and Experimental Work on Heat Conduction >' 

Problems Involving a Change in Phase 

The analysis of problems incorporating a solid- 

liquid phase change is difficult due to the nonlinearity 

of the governing equations. Natural convection within 

the liquid can be significant, but these effects are 

usually small and can be left out to simplify the solution. 

The model thén involves just the conduction equation and 

appropriate boundary conditions. There are basically 

two formulations for this type of model, single region 

methods and multi region-methods. 

The single region method can also be called an 

enthalpy method. Enthalpy is left as a dependent vari¬ 

able in the conduction equation. This means that a 

function of enthalpy versus temperature must be specified 

for the material being studied. The formulation is 

simpler than multi-region methods and the melting temp¬ 

erature need not be unique. 

In multi-region methods, the conduction 

equation is written for the solid and liquid regions. 

The two systems of equations are coupled by the boundary 

conditions at the interface. The interface is taken to 

be a unique line or plane, implying a unique melting 

temperature. As this coupled system of equations is 

difficult to solve, the problem is often simplified by 

specifying the liquid temperature to be constant at the 

melting temperature for freezing problems, or by * 



specifying the same for the solid region in melting 

problems. 

The phase change conduction problem is 

analytically intractable for most useful systems, so 

numerical solutions of the equations are often employed 

Finite difference techniques are most common, but the 

finite element method is proving itself a useful tool. 

Researchers at the Colorado State School of 

Mines have published a number of documents for NASA on 

various phase change problems relating to the thermal 

control of equipment: 

Golden and Stermole (7) reported on micro¬ 

photography as a means of observing phase change pro¬ 

cesses, and a study of the crystallization dynamics of 

the solidification of a paraffin wax. Individual 

crystal growth rates and time-dependent temperatures 

are reported. 

Ukanwa, Stermole and Golden (8) developed a 

finite difference one-dimensional model for solidifi¬ 

cation and performed an experiment to verify their 

analysis. The results, all presented in dimensional 

form, are temperature versus time for various points 

within the wax. 

Bain, Stermole and Golden (9) investigated 

the importance of free convection in phase change 

materials. A two-dimensional theoretical model was 

compared to experimental results at various angles of 



inclination. The same types of results as in the 

previous paper are presented, in dimensional form. 

Katayama and Hattori (13) modified the 

enthalpy method by defining an equivalent heat capacity 

to account for the latent heat. The multiple phase 

media could then be regarded as a single phase with 

temperature dependent properties. Their results agreed 

quite well with their experimental work when the 

measured cooling surface temperature was used as a 

boundary condition in the analysis. 

Comini, Del Guidice, Lewis and Zienkiewicz 

(4) developed a numerical method using finite elements •• 

to solve freezing and melting problems In three 

dimensions. Their program allows temperature dependent 

properties and keeps enthalpy a dependent variable.. 

The solution method is unconditionally stable and convert 

gent. The computations use dimensional quantities, but 

the results of some examples are presented nondimen- 

sionally. 

Shamsundar and Sparrow (26) found solutions for 

a circular tube with either constant heat flux or constant 

heat transfer coefficient and ambient temperature at the 

outer surface. By applying a method due to Megerlin 

(19), they developed equations for the interface velocity, 

from which the interface position could be found by 

integration. The equations were solved nondimensionally 

with Fourier, Biot and Stefan (or Jacob) numbers. 



Graphs of the temperature drop across the solidified 

layer versus the time averaged heat transfer rate 

were given for lithium fluoride and tin, in metric 

units, with Biot number as an independent variable. 

The variation of surface heat flux with time was graphed 

nondimensionally. 

Komori and Hirai (14) published a Fourier 

series solution for the solidification of a sphere 

compared with an experiment. Their motivation was to 

study the freezing of foods, but their experiment used 

a paraffin wax. The analysis agreed to some extent with 
f 

r 4 

the experiment for times between \ hour and one hour. ' 

However, some of their experimental procedure was 

questionable. 

Komori and Hirai (15) also published a paper 

on the freezing of a soybean curd. There was better 

agreement with a Fourier cosine series solution, but a 

finite difference solution produced results closer to 

experimental values. Of some interest is a formula 

ostensibly used by the food industry to approximate the 

heat of fusion (L*. ) of foods: 
Ig 

L- = M (80)kcal 
TÜÏÏ "Eg" 

M is the percent moisture content by weight 
1Ü0 

of the food 



13 

Salto and Shimomura (22) obtained approx¬ 

imate solutions to the conduction equation. Their results 

were compared with a finite difference solution, and 

were within 10# of experimental results for the solidi¬ 

fication of ice. 

Chiesa and Guthrie (3) published results of 

an experiment dealing with natural convection in the 

solidification and melting of metals, specifically 

lead and lead-tin alloys. The temperature variation 

with them was presented in metric units. Also presented 

was the Nusselt number for natural convection heat 

transfer versus time, which was nondimensionalized by 

the time when the critical Rayleigh number is reached. 

(e.g. when the heat transfer is mostly through conduction). 

Muehlbauer, Hatcher, Lyons and Sunderland 

(20) presented the results of an experiment involving * 

a lead-tin alloy cooled by convection into an airstream. 

The results were in good agreement with a numerical • 

solution for a 50% Pb and 50% Sn alloy, but did not agree 

very well for alloys with a higher lead concentration. 

Kroeger and Ostrach (16) published a numerical 

analysis of a two-dimensional formulation, including 

convective effects, of a continuous metal-casting process. 

Their solution utilized a sequence of transformations 

to the complex plane. Results showed that the velocities 

possible under some conditions could profoundly affect 



the quality of the casting. 

Sparrow, Schmidt and Ramsey (27) published 

results of an experiment which determined natural con¬ 

vection heat transfer coefficients within a melting sub¬ 

stance. A heated cylinder was embedded in a eutectic 

mixture of sodium nitrate and sodium hydroxide. The 

interface position was found to be not at all like the 

concentric cylinders conduction theory predicts, 

leading the authors to conclude that it is unreasonable 

to continue neglecting natural convection effects in 

the analysis of phase change problems. 

Generally, there is no consensus on the 

presentation of results. Some researchers present 

data with dimensions, while others nondimensionalise 

their results with whatever seems appropriate for their' 

particular experiment or analysis. Also, there is a 

need to define how results should be presented. Almost 

every paper presents temperature variations with time 

for some points within the substance changing phase, 

which are useful for comparing theoretical and experi¬ 

mental results. However, for the analysis of a thermal 

energy storage system, it would be, perhaps, more 

appropriate to present the instantaneous or total heat 

transfer with respect to time, with Biot number or some 

flow rate parameter as an independent variable. 



Theoretical Considerations 

The Enthalpy Method 

The analysis of a thermal energy storage 

system using a phase change material involves coupling 

the temperatures of the flow system and the storage 

medium. Typically, the flow system may be simplified 

to a one-dimensional problem, with the coordinate 

parallel to the flow direction. Similarly, the storage 

medium can be considered as two-dimensional, in a plane 

parallel to the flow direction. The two systems are 

then coupled through the convective heat transfer at 

their common boundary. Usually, any separating walls • 

would be of high thermal conductivity, e.g. metals, 

so that contribution can be safely neglected. 

The experiments described here used a 

rectangular box of aluminum containing the storage 

material, in this case a paraffin wax. Since data was 

to be taken while the wax solidified, the flow channel 

was placed under the volume of wax, thus minimizing the 

buoyancy effects caused by the adverse temperature 

gradients within the wax. Such a system could then be 

modeled by the following equations. 

Referring to figure one, the conduction 

equation for the storage material, using the enthalpy 

method, can be written as 
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H(T) must be specified for the material being studied. •'<? 

The multiregion methods substitute dH =^cpdT in this 

equation. Then, the latent heat enters the problem as 

a boundary condition at the interface. 

The conduction equation for the fluid 

temperature can be written as 

k iXf » P.c» IJr 

and the two equations are coupled through the boundary 

condition at y * 0 : 

^ ”
k (T_T<) 

The thermal gradient through the separating wall has 

been neglected. 

Boundary conditions and initial conditions 

can then be imposed. With suitable nondimensionaliz- 

ation, the system of equations can be solved by some 

numerical scheme. 

A Quasi-steady State Solution 

In designing this experiment, a simpler 

one-dimensional quasi-steady state solution of the 

freezing process was used. The interface velocity 

was assumed slow enough that the thermal resistance of 

the storage material was the same as for steady state 

conduction in a wall. Thus, the latent heat liberated 
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at the interface all eventually reaches the liquid 

flowing under it, with little of it being stored in 

the heat capacity of the storage material. Some justi¬ 

fication for this was, provided by Shamsundar * s and 

Sparrow*s (26) paper. The results for Stefan numbers 

of likely materials and moderate temperature differences, 

e.g. 10 degrees C, were found.to be very close to 

solutions for zero Stefan number, which pertain to the 

case where heat capacity is negligible as compared to 

the latent heat. 

The expression for the heat flux from the 

interface to the fluid, neglecting the thermal resistance 

of the intervening wall, is 

Figure two is a diagram of this model. 

The energy released at the interface by the 

freezing process is known to be 

Making the normal assumptions of perfect 

insulation at the appropriate boundaries, as indicated 

in figure two, all this liberated energy must be delivered 

to the fluid. Setting the latent heat released equal 
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to the conducted heat flux, the following differential 

equation can be formed: 

Appropriate rearrangement of these terms ends 

in the following integral equation: 

Introducing the following definitions produces 

a nondimensionalized integral equation: 

h© 

f**t 
— _ cK/fc e>±- bü s+e= Kf x 3 u> 

Sk 

Implicit in the integration limits is the 

$ 
initial condition of y « o at t = o. 

Utilizing the assumption of constant fluid 

temperatures allows both integrals to be evaluated: 

s. 
01 

+ jL 
a 
s 
a __ 

5k Fo 
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This is quite easily inverted to obtain an 

expression for the interface position at any time: 

S= gj- Gln-a.skpT -l) 

Upon differentiating this equation, the heat 

transfer to the fluid may be derived: 

0.-APA¥- ^ **■ - ^  - 
o * * VJ Cp 3Jçî> Vi CP 1 + 3l 

If the heat transfer is nondimensionalized 

by A h ), which can be thought of as the initial1 

heat transfer, then the preceding equation becomes 

AK(Xc-Tf) 6 

All of this energy is conducted to the fluid, 

therefore the fluid must show a corresponding change in 

temperature. In order to maintain the one-dimensional 

and constant fluid temperature assumptions, let the heat 

flux be mentally withheld from the fluid until right at 

the exit, where all the temperature change of the fluid 

is experienced. Then, the energy input into the fluid is 

<& = *CfCTf.-TV> 
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and this is equivalent to the latent heat released at 

the interface so that the following equation can be written: 

AU CT^-TfQ 

This allows the outlet fluid temperature to 

be calculated for differing inlet fluid temperatures and 

mass flow rates. The fluid properties should be eval¬ 

uated at the inlet fluid temperature and the storage 

material's properties should be evaluated at an average 

of the melting and inlet fluid temperatures. 

This solution would be expected to be more 

accurate for relatively fast flow rates which would 

necessarily result in smaller fluid temperature 

differences. This turned out to be the case. For large 

temperature differences, on the order of 30 degrees C, 

the experiment required a flow rate an order of magnitude 

less than that calculated, while for temperature diff¬ 

erences on the order of 5 to 10 degrees C, the calculated 

flow rate was of the same order as that necessary in 

the experiment. 



The Experiment 

It was decided that the experiment would 

measure thermal data while the storage material solidi¬ 

fied. Paraffin wax was chosen as this material because 

of its ready availability in a wide range of melting 

temperatures. Table one lists the properties of the 

wax used, Gulfwax 33. The 'flow channel was placed under 

the storage material to negate bouyancy effects within 

the liquid wax. Since the liquid wax is clear and the 

solid wax is opaque, the flow arrangement allowed the 

observation of the interface motion; some interesting 

qualitative results of this are presented later. The 

presence of the insulation did not allow this observation 

while data was being taken, of course. 

The test cell is shown in diagram four and the 

flow system is shown in diagram three. 

The Plow System 

The flow system was of a single pass type. 

Water from a faucet was fed to a holding tank where a 

float valve was used to keep the liquid level constant. 

A variable speed pump with a maximum flow rate of 1.5 

gal/min at zero pressure head pumped the water through 

a heater which was rated at a maximum heat dissipation 

of 3000 watts. As the supplied thermostat could not 

maintain a fluid temperature better than + 10 degrees 



Table One: Properties of Gulfwax 33 

Melting Temperature (T ) 

Thermal Conductivity (k^) 

Heat of Fusion (X) 

2 
Specific Heat (c ) 

Jfcr 
3 

Density (Pp) 

.2308 watts/m°C 

205.2 Kj/Kg (49 cal/gm) 

.524 cal/gm°C 

860 

l 
Thermal data supplied by E. F. Nurre and B. A. 
Stevens of Gulf Oil Company, Houston, Texas. 

2 
Specific heat is given by an equation applicable 
to all waxes: (t in degrees Celsius): c (Cal/gm) 
- .492 + .0009 (t) P 

3 
Density was supplied as a graph of specific volume 
versus temperature, from which the following 
interpolation function was developed (T in degrees 
Celsius): f? » 910.75+ (T-20) (-.904+ (T-30) 
(-.0889+ (T-40) (.00431-.000873 (T-50))j) 
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V 



C, a 30 amp powerstat was purchased. Using this to 

maintain constant voltage across the resistance heater 

element, the temperature of the water at the heater 

outlet could be controlled to + .5 degrees C quite 

readily. The water temperature was sampled with a 

chromel-alumel thermocouple. Then the water passed 

through a three-way valve, which is used to divert the 

flow through either the test cell or a bypass tube. 

These two routes meet at another three-way valve. The 

water then proceeds through a flowmeter and a metering 

valve, and is then piped to a drain. 

Two flowmeters were needed for the flow rates 

used, both being Fischer Price rotameters. The largest' - 

had a maximum flow rate of .328 gallons/minute 

(1240 cc/min), calibrated for an accuracy of + 1% of the 

full scale reading for water at 100 degrees F (38 deg C). 

The flows used with this flowmeter ranged from .2 gal/min 

(760 cc/min) to .05 gal/min (190 cc/min). The smaller 

flowmeter had a maximum flow rate of 100 cc/min with 

an accuracy of 2% of the full scale reading for water at 

70 degrees F (21 deg C). The flow rates measured with 

this flowmeter ranged between 95 cc/min and 50 cc/min. 

The pump was somewhat oversized and was un¬ 

reliable in maintaining constant flow rates, so the flow 

rate had to be constantly adjusted with the metering 

valve. Though tedious, the flow rates using the larger 



rotameter were kept constant to within + 1% of full 

scale, and in the smaller flowmeter to within + 1 cc/min. 

The Test Cell 

The test cell consisted of a rectangular 

volume for the storage material with a flow channel under 

neath it. Aluminum 6o6l T-6 was used in the construction 

Thermon cement, which has a thermal conductivity of 

95 btu/hr ft °F (55 w/m °C), was used to seal the joints 

and self-tapping screws were used to structurally 

support the joints. Silicone sealant was applied to 

the flow channel joints. Styrofoam, two inches thick, 

and with a density of 1.87 lb/ft , was used to insulate 

the test cell. 

Each cell was instrumented with thermocouples 

to measure the inlet and outlet fluid temperatures. 

Some idea of the wax's temperature distribution was 

provided by two sets of five thermocouples at the mid¬ 

line of the cell, spaced H inch apart normal to the flow 

direction. One set was at a point 1/3 of the test cell 

length and the other was at a point 2/3 of the test cell 

length. The fluid thermocouples were copper-constantan 

.0157 inches in diameter. Their signals were passed 

through an Omega electronic ice point to a Schlumberger 

two point strip chart recorder. The wax thermocouples 

were chromel-alumel l/l6th inch in diameter, and were 

supported by ceramic insulators and a bakelite tube 
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tube through which the wires passed. Their accuracy 

in placement was within l/32nd inch normal to the flow 

and h inch parallel to the flow. Those signals were 

passed through an Omega thermocouple switch and an 

Omega electronic ice point to an Omega digital thermo¬ 

meter. Millivolt readings were recorded and then 

converted to degrees Celsius by using National Bureau 

of Standards tables provided by Omega. The same tables 

were used to convert the millivolt measurements of the 

copper-constantan thermocouples. 

Thermocouple number 8 of the two inch cell 

did not work after the wax was put in place, so its 

information was lost. Thermocouple number 7 of the two 

inch cell worked intermittently. All the thermocouples 

in the four inch cell worked properly. 

Experimental Procedure 

Before each test, the wax was melted by turn¬ 

ing on the top heaters within the wax and by running 

water at a relatively fast rate and high temperature 

through the test cell. Once all the wax could be seen 

to have melted, the top insulation was securely fastened 

and voltage to the heater within the wax was reduced. 

The fluid temperature was adjusted to be slightly greater 

than the melting temperature, and the system allowed to 

come to equilibrium. Generally, the time to completely 

melt the wax was on the order of 4 to 5 hours, and the 



time to come to equilibrium was on the order of 30 to 

45 minutes. 

When the thermocouples within the wax showed 

that the wax was at a uniform temperature, the water 

flow was diverted to bypass the test cell and the heater 

within the wax was turned off. The voltage to the water 

heater was adjusted for the desired fluid inlet 

temperature and the flow rate was adjusted by a combin¬ 

ation of varying the pump speed and adjusting the meter¬ 

ing valve. This process generally took 15 to 30 minutes, 

during which time the wax temperature would drop about 

h degree Celsius, the limit of resolution of the 

electronic thermometer. 

Once the flow conditions had been established, 

the initial temperature distribution within, the wax was 

recorded, the strip chart recorder turned on, and the 

bypass valves turned so that the fluid flowed through 

the test cell. 

Using this procedure, the temperature of the 

wax could be made uniform to within h degree Celsius, 

at least as indicated by the thermocouples. Inlet 

fluid temperature conditions and fluid flow rate could 

be specified with good repeatability. 

Once the experiment was started, the wax 

temperatures were recorded every five minutes. Because 

the pump was oversized and had to be set at a low rpm, 

the flow rate was occasionally erratic. However, by 
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constant adjustment of the metering valve, the flow 

rate could be kept to within one cc/min for the smaller 

flow meter, and within 15? of full scale, or .003 gal/min 

(12 cc/min), for the larger flow meter. 

The flow rates used were .2 gal/min (760 

cc/min), .1 gal/min (380 cc/min), .05 gal/min (190 cc/min), 

90 cc/min and 50 cc/min. The inlet temperature was 

varied between ambient temperature, about 23 degrees 

Celsius, and 50 degrees Celsius, five degrees less 

than the melting temperature of the wax. 

Measurement Accuracies 

The strip chart recorder had a resolution 

of .01 millivolts when the scale’s maximum was 5 

millivolts, and an electronic accuracy of + .2JS, which 

translates to an accuracy of £ h degree C. 

As indicated previously, the smaller flow 

meter’s accuracy was + 2% for the reading and about 

£ 15? for the uniformity of the flow rate, so the flow 

rates of 90 cc/min and 50 cc/min were accurate to 3 cc/min. 

The larger flow meter had 15? of full scale reading 

accuracy and 1% for the uniformity of the flow, so the 

flow rates of 760 cc/min, 380 cc/min and 190 cc/min 

were accurate to 25 cc/min. 

The time scale of the strip chart recorder 

was set to .1 inch/minute, with an accuracy of .15?, and 

a resolution of one minute. 
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PRESENTATION OF RESULTS 

The experimental data is presented following 

the next section. The outlet temperature of the fluid 

is presented as a function of time with its nondimen- 

sionalized version below. The following page shows 

graphs of the integrated heat flux versus time and the 

nondimensional heat transfer versus Fourier number. 

These were determined by numerically integrating the 

instantaneous heat flux entering the water, using the 

following equation, a trapezoidal approximation: 

The total energy capable of being stored by 

the system was determined by the next equation: 

flux, and time could then be nondimens ionalized in the 

following manner: 

Q = Jfvf (1 + cr <X-Ti)) + 

The fluid outlet temperature, integrated heat 

Some interesting qualitative observations 

about the position of the freezing front were made in 

preliminary experimental runs. The interface formed 

along the sidewalls as quickly as on the intervening 
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surface between the storage material and the fluid. 

The velocity of the three planes appeared to be uniform 

in a plane perpendicular to the flow. Of course, the 

interface velocity was slower downstream because the 

rising fluid temperature decreases the driving tempera¬ 

ture gradient in the storage material. 

Thus, the conducting sidewalls have two effects 

on the system. They enhance the overall conductivity 

of the cell, which is desirable since paraffin waxes, 

and indeed most proposed phase change materials, have 

very low thermal conductivities. Also, as indicated 

in the previous paragraph, the sidewalls increase the 

interface area. The importance of this is uncertain, 

but the increased interface area would increase the total1 

heat flux generated by the solidification process as 

compared to a one dimensional process. This should 

hasten the transfer of energy from the storage material 

to the fluid. However, the interface area decreases in 

time, so the effects of the increased area are not as 

great when they are most needed, near the end of the 

solidification. 

DISCUSSION OF RESULTS 

As can be seen from the graphs, the non¬ 

dimens ionalized fluid outlet temperature is unaffected 

by the inlet temperature of the fluid, but is merely a 

function of the mass flow rate. For this type of laminar 
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channel flow, the heat transfer coefficient is 

relatively uniform. Thus, the Biot number is not very 

.useful in differentiating the results. Schmidt and 

Szego (23) formulated a nondimensional parameter for 

flow through a sensible heat storage device, G+/V+, 

and Schnurr, Salmon and Walker (25) developed a nondi- 

mensional parameter, 0ÿ for a latent heat storage 

system. These quantities are defined as follows: 

V+ mççvJ 
gf = ^ a,L 

In figure five, the nondlmensionalized 

temperature versus Fourier number is parameterized by 

the mass flow rate, 0^ and G+/V+. 

It is interesting to note that if the inte¬ 

grated heat flux is nondlmensionalized in the following 

manner, rather than by the total energy stored in the 

system, it too is a function of mass flow rate with no 

dependence-on the inlet flow temperature. Indeed, it 

turns out to be the average of the temperature nondimen- 

sionalized in a slightly different form: 

or 

0 



33 

The integral in the denominator can be thought 

of as the total heat transfer for the ideal case of 

negligible thermal gradients in the storage material so 

that the outlet fluid temperature is always at the melt¬ 

ing temperature. 

In a real thermal energy storage device, it 

would be desirable to maintain as high a fluid outlet 

temperature as possible for as long as possible. As 

can be seen in figure five, this can be accomplished by 

decreasing the flow rate. In a real system, made of 

many such cells, the number of flow paths would have to 

be Increased to have a reasonable total flow rate. This 

increases the weight and volume of the system, and would 

cost more. The wider cell appears to be best in this 

regard since the nondimensionalized temperature stays 

low for a longer period of time, as compared to the 

narrower test cell. This is probably due to the larger 

heat transfer area between the storage material and the 

fluid. However, another factor in a real system involves 

the time it takes to recover the energy stored. 

It would be desirable to have a quick recovery 

of all the energy. Since the integrated heat flux 

is exponential in form, the last bit of energy takes much 

more time to extract than the first bit. This is because 

of the low thermal conductivity of the storage material. 

As can be seen by comparing nondimensional heat flux of 

the two cells, the wide cell takes much longer in extracting 



comparable fractions of the total stored energy. 

There would be other considerations in the 

design of a real storage system. The narrow cell has 

a greater percentage of its volume devoted to the metal 

structure, and so has less thermal storage per unit 

volume than the wider one. This means a .device built 

of many smaller cells would weigh more than a device of 

similar storage capacity built of wider cells. This 

would increase the system's cost as well. Also, since 

energy has to be added to the storage material, the 

parameters which optimise the melting of the phase 

change material would have to be examined to avoid 

conflict with the parameters which maximize the extra¬ 

ction of energy from the thermal energy storage system. 



FIGURE FIVE 
Nondimension ali zed Fluid Outlet Temperature vs* Fourier Number 

Two Inch Wide Test Cell 

.04- .06 

Fourier Number 

« Ax 
(kgTsec) 

Gf/V+ 

.0125 .246 .0048 

.00625 .123 .0096 

.00319 .0628 .0188 

.00149 .0291 .0403 

.00083 .0161 .0724 

Four Inch Wide Test Cell 

m Ji 0+/V+ 

:8 
00319 .031 .0363 

Fourier Number 



EXPERIMENTAL DATA 

(RESULTS) 

Of * Q/Qt 

Fo - c<pt/w^ 



H
O
 

Two Inch Wide Test Cell: m ** .0125 kg/sec, T± ■ 30.6 °C, ste * .26? 

Fourier Number 



Qt * 1336.8 kilojoules 

Fourier Number 
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Two Inch Wide Test Cellt m * .0125 kg/sec, T* = *9.2 °C, Ste = .06? 



» 999*7 kilojoules 

Time (minutes) 



Two Inch Wide Test Cell: m = ,00626 kg/sec, T4 = 34.5 °C, Ste * .226 



1273*5 kilojoules * 

Fourier Number 
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Two Inch Wide Test Cell: m » .00625 kg/sec, T^ = 42*7 °C* Ste = .138 



» 1129*6 kilojoules 

Fourier Number 



H
O

 
Two Inch Wicte Test Cell: m = .00320 kg/sec» » 29*9 °C, Ste ». .275 

Fourier Number 



= 1348.9 kilojoules 

Fourier Number 



Two Inch Wide Teat Cell; m = .00319 kg/sec, T± * 38.8 °C, Ste = .180 

Fourier Number 



« 1200.0 kilojoules 

Q 
(kj) 

Of 



p*
-3
 

Two Inch Wide Test Cell: m « .00318 kg/sec, » 50.4 °C, Ste « .054 

Fourier Number 



Qt * 97^.3 kilojoules 

20a - 

Time (minutes) 

Fourier Number 
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Two Tneh Wide Test Cell; m a .00149 kg/sec, T± « 23*8 °C, Ste « .339 

Fourier Number 
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Qj. » 1448*5 kilojoules 

Qf 

Fourier Number 



Two Inch Wide Test Cells m * .00149 kg/sec, T± * 35*9 °C, Ste = .211 

Fourier Number 



Qfc = 1249*3 kilojoules 

Q 
(kj) 

Of 
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Two Tnch Wlda Test Cell: a * .001*9 kg/sec, T± * 23.0 °C, Ste = .348 
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Qj. = 1461.4 kilojoules 

«T 

Fourier Number 



Two Inch Wide Test Cell: m » ,00149 kg/sec, T^ = 41.2 °C# Ste = ,154 

.10 .15 05 

Fourier Number 

20 



=* 1157*6 kg/sec, =* 41*2 °C, Ste = «154 
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Two Inch Wide Test Cell! A = .00083 kg/sec, T± = 22.3 °C, Ste * .355 

Fourier Number 



Q » 14-73*1 kilojoules 
v 

Fourier Number 



0«
-3
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Two Inch Wide Teat Cell; m = .00083 kg/sec, = 35.2 °C, Ste * .219 

Fourier Number 



Qj. * 1261*5 kilojoules 

Q 
(kj) 

600-- 

20 40 60 80 100 120 

Time (minutes) 

Fourier Number 
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Foar Inch Wide Test Cell: â =* .0126 kg/sec, = 21*8 °C, Ste » «3^0 

+ H 1 1— t V— 1 1 *■ 

04 .06 .08 .10 
—t— 
•02 

Fourier Number 



Ok 

a 27^.7 kilojoules 

Fourier Number 



Four Inch Wide Test Cell! A = .0125 kg/sec, T± - 34.7 °C, Ste » .224 

T 
(°C) 

Fourier Number 



« 2392*7 kilojoules 

Q 
(kj) 

Qf 



Fogy Inch Wide Test Cell: m * .00628 kg/sec, « 22*0 °C, Ste =057 

Fourier Number 



68 

Qj. » 2737*8 kilo jouis s 

9f 

Fourier Number 
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FOOT Inch wide Test Cell! m » .00626 kg/sec, » 3^»9 °C# Ste «.221 

<*c> 

.04 .06 .08 .10 .02 

Fourier Number 



Qj. = 2386*1 kilojoules 

% 
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Fom» Inch Wide Test Cell: m « .00317 kg/sec, T± = 22*3 °C, Ste * .355 



Q = 2730*8 kilojoules 
t 



Four Inch Wide Test Cell: a * *00319 kg/sec* ® 35*2 °C» Ste ** *219 

T 
(°C) 
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Qt * 2379*4 kilojoules 

Tine (minutes) 

Of 



Four Inch Wide Test Cell: m * .00149 kg/sec, =» 22.5 °C, Ste =* .352 

T 
<°C) 

Fourier Number 
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Qj. « 2723.8 kilojoules 

Of 
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Font» Inch Wide Test Cell: m * .00149 kg/sec, T* = 34.5 °C, Ste = .226 



Qfc * 2399*4” kilojoules 

Fourier Number 



O
H
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Fonr Inch Wide Test Cell: m * .00149 kg/sec, * 44.5 °C, Ste » .118 

Fourier Number 
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Q* a 2100.3 kilojoules 

Q 
(kj) 



TV»»» Tneh Wide Test Cells m = .00083 kg/sec, \ = 22.5 °C, ste * .352 

T 
(°C) 

Fourier Number 
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Qj. « 2723*8 kilojoules 

Qf 

Fourier Number 
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Fmi-r Tneh Wide Te3t Cells A = .OOO83 kg/sec, - 3^«9 °C* ste * .221 

Fourier Number 



= 2386*1 kilojoules 

Fourier Number 
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Four Inch Wide Test Cell; m * .00083 kg/sec, ■ ^3.1 °C, Ste » .13^ 



2146.6 kilojoules 

Fourier Number 
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NOMENCLATURE 

Theoretical Variables 

Lfg,A 
k 

f 
c 

e* 

H 

h 

x,y 

t 

Tf 

T 

Ti>Tfi 

y 

s 

Bi=h(w/k ) 

Heat of fusion of storage material (Kj/Kg) 

Thermal conductivity (watts/m°C) 

Density (kllograms/m^) 

Specific heat (kj/kg°C) 

Thermal diffusivity (m2/sec) 

Enthalpy (kj/kg) 

Heat transfer coefficient (watts/m2 °C) 

Spatial coordinates (meters) 

Temporal coordinate (minutes) 

Fluid temperature (degrees Celsius) 

Temperature of storage material (°C) 

Fluid mass flow rate (kg/sec) 

Inlet fluid temperature (°C) 

Outlet fluid temperature (°C) 

Instantaneous heat flux (watts) 

Interface position (meters) 

Nondimensional Interface position 

Biot number 

Ste-cf(T -T^) /X Stefan number 

Fo=c*pt/w2 Fourier number 
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Subscripts of Material Properties 

p 'phase change' or storage material 

f fluid 

w wall, or structural material, of the test cell 

Experimental Variables 

Q Energy absorbed by the fluid (kilojoules) 

Qt Total energy capable of being stored by the 
test cell (kilojoules) 

Qf Nondimensionalized absorbed energy 

Tt Fluid.inlet temperature (degrees Celsius) 

T Fluid outlet temperature (degrees Celsius) 

Tf Nondimensionalized fluid outlet temperature 

G+/V+, Nondime ns iorial flow rate .parameters 

= 1-Tf Another nondimensionalized fluid outlet 
d temperature 

Test Cell Dimensional Variables 

w Height of storage volume (meters) 

d Width of storage volume (meters) 

L Length of storage volume (meters) 

A Cross sectional area of the fluid channel (m^) 

P Wetted perimeter of the fluid channel (m) 

V Volume of storage material (m^) 
Sr 

V Volume of wall, or structural material, of 
the test cell (m3) 
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